Ammonium excess leads to Ca restrictions, morphological changes, and nutritional imbalances in tomato plants, which can be monitored by the N/Ca ratio. by BONOMELLI, C. et al.
agronomy
Article
Ammonium Excess Leads to Ca Restrictions, Morphological
Changes, and Nutritional Imbalances in Tomato Plants,
Which Can Be Monitored by the N/Ca Ratio
Claudia Bonomelli 1,* , Sergio Tonetto de Freitas 2 , Camila Aguilera 1, Carola Palma 1, Rebeca Garay 1,
Maximiliano Dides 1,3, Natalia Brossard 1 and José Antonio O’Brien 1,3,*


Citation: Bonomelli, C.; de Freitas,
S.T.; Aguilera, C.; Palma, C.; Garay, R.;
Dides, M.; Brossard, N.; O’Brien, J.A.
Ammonium Excess Leads to Ca
Restrictions, Morphological Changes,
and Nutritional Imbalances in
Tomato Plants, Which Can Be
Monitored by the N/Ca Ratio.




Received: 1 June 2021
Accepted: 12 July 2021
Published: 20 July 2021
Publisher’s Note: MDPI stays neutral
with regard to jurisdictional claims in
published maps and institutional affil-
iations.
Copyright: © 2021 by the authors.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license (https://
creativecommons.org/licenses/by/
4.0/).
1 Departamento de Fruticultura y Enología, Facultad de Agronomía e Ingeniería Forestal,
Pontificia Universidad Catolica de Chile, Vicuña Mackenna 4860, Santiago 7820436, Chile;
cpaguilera@uc.cl (C.A.); cppalma@uc.cl (C.P.); rpgaray@uc.cl (R.G.); mdides1@uc.cl (M.D.);
ndbrossa@uc.cl (N.B.)
2 Brazilian Agricultural Research Corporation, Embrapa, Petrolina 56302-970, Brazil; sergio.freitas@embrapa.br
3 Departamento de Genética Molecular y Microbiología, Facultad de Ciencias Biológicas,
Pontificia Universidad Católica de Chile, Avenida Libertador Bernardo O’Higgins 340,
Santiago 8331150, Chile
* Correspondence: cbonomel@uc.cl (C.B.); jobrien@bio.puc.cl (J.A.O.)
Abstract: Both nitrogen and calcium fertilization management are vital for crops, where an imbalance
of these elements can cause both physiological and yield problems. It has been proposed that nitrogen
absorption, particularly ammonium, is in part dependent on calcium supply. Moreover, the balance
between these two nutrients could be a key indicator of plant growth in some species. Tomato,
one of the most cultivated crops worldwide, can also be widely affected by nutritional imbalance.
Using large amounts of N fertilizers could lead to an imbalance with other nutrients and, thus,
detrimental effects in terms of plant development and yield. Here we show that ammonium excess
has a negative impact on plant development and results in calcium deficiency. Moreover, a deficit in
calcium nutrition not only affects calcium concentration but also leads to a restriction in N uptake
and reduced N concentration in the plant. These effects were evident at the seedling stage and also
during flowering/fruit set. Using PCA analysis, we integrated both phenotypic and nutritional
imbalances in seedlings and grown plants. Interestingly, the Ca/N ratio appears to be a key indicator
to monitor appropriate N and calcium nutrition and more importantly the balance between both.
Maintaining this balance could be an essential element for tomato crop production.
Keywords: tomato; ammonium; calcium; plant development; nutrition
1. Introduction
Solanaceae species are globally distributed due to their importance as food crops,
and for that reason one of the main focuses in their production is to reach the highest
possible yields [1]. Besides genetics and water supply, fertilization management is one of
the main factors to obtain higher crop yield and quality. Moreover, these factors are highly
influenced by macronutrients such as nitrogen (N) and calcium (Ca).
Nitrogen plays a key role in the synthesis of most macromolecules such as proteins,
nucleic acids, hormones, and vitamins [2] and in making part of all the plant structures,
especially vegetative tissues. In addition, it is a very mobile element that circulates among
the atmosphere, soil, and living organisms [3], including plants. Plants take N from the soil
through active transport using specialized transporters located in the plasma membrane
of the root epidermal and cortical cells. There are at least 10 transporters that mediate
the entry of N, 6 for nitric forms and 4 for ammoniacal forms, as has been observed in
Arabidopsis thaliana [4,5]. Its mobility favors the assimilation of N because it travels to
different plant organs and tissues through the xylem and phloem vessels [6].
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Due to its mobility through the tissues, excess N applications are rapidly observed
in plants. One of the first signs is the change in the normal coloration of plant tissues,
where the green color is intensified by the increase in chlorophyll concentration [7,8]. In
addition, there is an increase in vegetative development in terms of the number and length
of shoots. Finally, higher concentrations can lead to toxicity, where opposite effects are
observed [3]. This toxicity will depend on the N form and the species [9]. Particularly,
plants are very sensitive to ammonium, which in tomato can be observed over 2–4 mM
NH4+ with ammonium as the exclusive N form [10]. This toxicity could be due to a
limited assimilation capacity; therefore, after reaching the limit of assimilable N, leaves
will begin to necrotize [11]. These are factors that can cause a nutritional imbalance in other
organs of interest, such as fruits and roots. This is due to an increase in transpiratory rate;
consequently, part of the resources necessary for their development is re-directed to the
shoots [12,13].
Calcium is a divalent cation that plays very important roles in plants as a cell wall
reinforcing nutrient, secondary messenger in the cytoplasm, and as a counter ion inside
storage organelles [14]. This nutrient is also required for proper membrane structure and
stability [15]. In addition, higher Ca concentrations have been shown to improve fruit
and vegetable storability and reduce losses, which is mainly associated with higher tissue
mechanical strength [16,17].
Plant Ca uptake takes place through the apoplast mainly at the root tip where there
are no suberized endodermal cells, as well as through the symplast at the suberized
endodermal cells where Casparian bands are present [18]. It is believed that apoplastic Ca
uptake at the root tip is the most important for plant nutrition due to the fact that Ca does
not have to move through the symplast to reach the xylem vessels [19], where it can be
distributed through the transpiration stream. Ca deficiency in plants is usually the result of
poor Ca uptake, distribution in relation to demand, as well as antagonistic effects with other
nutrients. This deficiency can be a consequence of water supply disturbances, salinity, or
factors that inhibit transpiration [14]. Ca deficiency induces several physiological disorders
such as bitter pit in apple (Malus domestica), black heart in celery (Apium graveolens L.), tip
burn in leafy vegetables, cracking in tomato (Solanum lycopersicum) and apple and cherry
(Prunus spp.) [20–22], as well as blossom end rot (BER) in watermelon, pepper, eggplant,
and tomato [14].
It has been reported in some crops that Ca stimulates ammonium absorption [23].
Moreover, in the case of ammonium toxicity, supplementary Ca ameliorates the detrimental
effect [24]. In addition, during fruit development, it has been proposed that the fruit
competes with other sink tissues within the plant such as leaves, which have the highest
transpiration rate and therefore a greater xylem sap and Ca uptake. In this case, N excess is
known to increase plant vegetative growth [25], which can generate a greater competition
between leaves and fruit for plant Ca uptake.
In this study, we showed that there is a crosstalk between N excess and Ca deficient
nutrition in tomato plants at different developmental stages. This leads to changes in
physiological and morphological responses in tomato roots and shoots. Furthermore, we
found a correlation between ammonium and Ca that is reflected in an altered N/Ca ratio.
2. Material and Methods
This study was carried out at the Fruit Nutrition laboratory, school of Agricultural and
Forest Sciences and Plant Development and Biotechnology laboratory, School of Biological
Sciences, at Pontificia Universidad Católica de Chile (Santiago, 33◦29′ S, 70◦36′ W).
2.1. Plant Material and Growth Conditions
Tomato (Solanum lycopersicum) cv. Rio Grande seeds were sterilized in Eppendorf
tubes using a 2.5% sodium hypochlorite and 0.1% Triton X-100 solution under constant
mixing for 10 min. Subsequently, the seeds were washed with sterile water at least three
times and sown on Petri dishes containing 0.5× Murashige and Skoog (MS) nutrient
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medium with 1% agar. Plates were placed in a growth chamber at 24 ◦C with 16/8 h
day/night photoperiod. At 7 days after germination (DAG), the seedlings were transferred
to 200 mL flasks containing 25 mL of media, according to each treatment. For the in vitro
experiments, four different nutritional media were evaluated: control, calcium deficiency
(10% of control), nitrate excess (+30%), and ammonium excess (+30%). In order to maintain
the ion balance, the media used for the treatments were made in the laboratory as described
in Table S1 and all four media contained all essential macro- and micro-nutrients. The only
difference among the media was the amount of Ca or N forms, as shown in Table S1. All the
media were adjusted to pH 5.9 with KOH. The seedlings were kept in the growth chamber
for 10 days before evaluation. This experiment was performed in at least 10 biological
replicates of 3–4 plants each.
For the pot experiments, twenty-four seeds were sown in Petri dishes with absorbent
paper and distilled water. Plates were placed in a growth chamber at 24 ◦C to germinate
for 12 days. The germinated seedlings were then transplanted into 180 cm3 pots containing
peat, perlite, and vermiculite (2:1:1) as the substrate. The pots were placed in a growth
chamber at 24 ◦C until the seedlings reached approximately 10 cm. Subsequently, the
plants were transplanted into 0.3 L pots and placed in a greenhouse for 9 days. Finally, the
plants were transplanted into 2.8 L pots with the same substrate. For the potted plants,
four nutritional treatments were evaluated: control treatment, nitrogen excess (5× urea),
calcium deficit, and calcium deficit together with nitrogen excess. In the potted plants, urea
was used as the ammonium excess as it is one of the main sources of nitrogen used in crop
production. Moreover, unlike ammonium phosphate or ammonium sulfate, it has a lesser
impact on soil acidification. The control treatment consisted of plants fertilized once a
week with 300 mL of the recommended nutritional solution of macro- and micro-nutrients
(Murashige and Skoog Basal Medium with Vitamins). The ammonium excess treatment
consisted of fertilization with the same solution supplemented with 1.8 g/L of urea. The
Ca deficiency treatment consisted of fertilization with a complete nutritious solution until
flowering and thereafter with a nutrient solution of macro- and micro-nutrients without
calcium chloride. The interaction treatment consisted of the treatment of ammonium
excess until flowering and thereafter with a nutrient solution of macro- and micro-nutrients
without calcium chloride and supplemented with 1.8 g/L of urea. The macro- and micro-
nutrients of each media are described in Table S2. Although there were some differences in
the micro-nutrients, we did not expect an impact on their availability considering that the
substrate contained peat and the media were not the only nutrient source. The experiment
followed a randomized complete block design (RCBD). Each treatment was composed of
three blocks and five biological replicates.
2.2. Phenotypic Analysis
For the in vitro plants, measurements were carried out in the seedlings 10 days after
subjecting the plants to the treatments. Three tissues were measured—main root length,
stem length, and lateral root length—and the number of lateral roots was counted. Re-
garding the potted plants, 132 days after germination, when the plant had already started
fruit development, a tissue dissection was performed, separating each organ, such as
shoots, fruits, and roots, after weighing the entire plant. Once dissected, the root system
was measured.
2.3. Microscopy Analysis
In vitro roots of the different treatments were observed through a light microscope.
This was achieved with the preparation of paraffin blocks that contained 1 cm long pieces
of the middle section of the main root of the plant. Then, cross-sections of 20 µm thick
were made to deposit them on slides that were subjected to techniques of staining with
safranine and “fast green” to dye dead and living tissues, respectively. Subsequently,
the diameter of the metaxylem vessels of each treatment was measured with the Image J
program through photographs taken with the Leica ICC50 W microscope camera (Leica,
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Heerbrugg, Switzerland) of the prepared samples. In each vessel, two diameters were
measured and the average of both was taken because the shape was not perfectly circular.
2.4. Mineral Analysis
For the in vitro plants, two replicates were collected, approximately 1 g of dry matter
from whole seedlings, and sent for analysis. At the end of the trial, each plant was separated
into stem, leaves, fruit, and roots. Each plant part was weighed separately and sent for
analysis. For the determination of the total N concentration, the LEGO CNS-2000 Macro
Elemental Analyzer (Leco, Michigan, MI, USA) was used. For the determination of K,
Ca, Mg, P, Cu, Zn, and Mn, the plant samples were subjected to 500 ◦C until conversion
to ashes, which were dissolved with HCl (2 M). Later, the samples were used to analyze
the nutrient concentrations with the equipment Axial ICP-Optical Emission Spectroscopy
Agilent 720 ES—Varian (Victoria, Australia).
2.5. RNA Extraction and cDNA Synthesis
Leaves and roots of the seedlings, 10 days after treatment, were collected and frozen
in liquid nitrogen. RNA extraction was performed using Trizol™ Reagent (Invitrogen™,
Waltham, MA, USA) following the manufacturer’s protocol Later, the RNA samples were
treated with dsDNase (EN0771) according to the manufacturer’s protocol (Thermo Sci-
entific, Waltham, Massachusetts, MA, USA). The concentration and purity of the RNA
samples were determined using the Nanodrop 2000 spectrophotometer. cDNA synthesis
was performed by incubating 1000 ng of each RNA sample with 2 µL of Random primer
mix (60 uM) and M-MuLV Reverse Transcriptase (M0253S, New England Biolabs, Ipswich,
MA, USA)) following the manufacturer’s protocol.
2.6. Quantitative Reverse Transcription Polymerase Chain Reaction (qRT-PCR)
The qRT-PCR was accomplished with the Brilliant III Ultra-Fast SYBR Green qPCR Kit
(Agilent, Santa Clara, California, CA, USA). The cDNA of each gene was amplified using
the primers described in Table S3. Gene expression analyses were normalized with the
housekeeping gene GAPDH [26]. The reaction was performed in an Applied Biosystems
StepOnePlus™ Real-Time PCR System in 0.1 mL MicroAmp® Fast 8-Tube Strip (Thermo
Fisher Scientific, Foster City, California, CA, USA). The program used for the amplification
was a holding stage at 95 ◦C for 12 min, cycling stage at 95 ◦C for 15 s, 60 ◦C for 20 s,
and a final stage at 72 ◦C for 20 s. Gene amplification was accomplished for 40 cycles.
Additionally, a melting curve was performed from 60 ◦C to 95 ◦C rising 0.3 ◦C at each
phase to confirm the amplification of only one transcript on each gene. For the analysis
of data and amplification, StepOne Software v2.3 was used. Finally, data were analyzed
using the LinReg program [27].
2.7. Statistical Analysis
The results obtained were analyzed with one-way and factorial ANOVA or Tukey tests,
as stated in each figure description. Significant changes were considered when p ≤ 0.05.
3. Results and Discussion
Different reports have shown that ammonium present in the soil can severely affect
plant growth, development, and nutrition [28–30]. As a cation, ammonium not only
contributes to nitrogen nutrition in the plant but also, when in excess, can affect other
nutrients such as Ca. However, it is not completely clear how the NH4+/Ca2+ imbalances
and ratios affect plant growth and development.
3.1. Calcium Deficiency and Nitrogen Excess Affects Plant Development In Vitro
In order to evaluate N/Ca relations and how these nutrients affect each other, we
set up an in vitro experiment with Ca deficit, as well as ammonium and nitrate excesses.
Tomato seedlings were grown for 4–5 days in Petri dishes containing solid 1/2 MS media.
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At 4–5 days after germination (DAG), the seedlings were transferred to flasks containing
1/2 MS media (control) or the same media with reduced calcium (-Ca) or nitrogen excess
(NH4+ or NO3−). The seedlings were then kept in a growth chamber and were evaluated
after 10 days (Figure 1A). Both the aerial part and the roots were measured and weighed,
and the different tissues were dissected for analysis.




Figure 1. Tomato seedling response to calcium deficit or ammonium and nitrate excesses in in vitro 
experiment. Tomato seedlings were grown with control media, with a calcium deficit, or with am-
monium or nitrate excesses for 10 days in a growth chamber as described in the Materials and Meth-
ods section. Tomato images were taken 10 days after sowing the seedlings: (A) representative image 
of seedlings; (B) sum of lateral root length; (C) shoot length; and (D) plant fresh weight. Xylem 
vessel diameters (E) were measured by light microscopy (40×). a, b, c represents statistically signif-
icant differences with p < 0.05. 
3.2. Calcium Deficit and Ammonium Excess Triggers Changes in Nitrate Transporters 
Expression and Nitrogen Assimilation 
Alterations in N availability can affect its transport and metabolism in plants. Thus, 
we evaluate the expression levels of the dual-affinity transporter NRT1.1, the high-affinity 
nitrate transporters NRT2.1 and NRT2.2, and the gene Nitrate Reductase (NR) that codes 
for one of the most important enzymes involved in nitrogen assimilation in plants (Figure 
2). The genes LeNRT1.1 and LeNRT2.1 showed no expression responses to Ca restrictions 
and N excess (Figure 2A,B). On the other hand, the relative expression of LeNRT2.2 was 
down-regulated in both nitrogen excess conditions, showing a significantly down-
i . t li t l i fi it i it t i i it
Tomato s edlings were grown with control media, with calcium deficit, or with
ammonium or nitrate excesses for 10 days in a growth chamber as described in the Materials and
Methods section. Tomato images were taken 10 days after sowing the seedlings: (A) representative
image of seedlings; (B) sum of lateral root length; (C) shoot length; and (D) plant fresh weight.
Xylem vessel diameters (E) were measured by light microscopy (40×). a, b, c represents statistically
significant differences with p < 0.05.
Despite the short timeframe of the experimental setup, it was possible to observe
different phenotypes in response to each treatment. While no major change was observed
in terms of r ot length, number of lateral roots (LRs), and LR density in any condition
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(Figure S1), the length of the lateral roots was clearly altered (Figure 1B). In response to Ca
deficit, LR length was significantly increased. On the contrary, N excess had a negative
impact on LR growth. In the shoot, the only treatment that showed a positive impact
on shoot length was the nitrate excess, opposite to ammonium excess which resulted in
reduced shoot length (Figure 1C). This negative impact in shoot growth was also correlated
with a slight but significant reduction in plant fresh weight under ammonium excess
(Figure 1D). This negative impact in fresh weight and development as a consequence of
ammonium could be due to a problem in vasculature development [31,32]. In order to
further evaluate this possibility, xylem vessel diameter was also evaluated in plants from
the control and ammonium treatments (Figure 1E)). Interestingly, not only ammonium but
also nitrate excess showed a reduction in xylem vessel diameter.
3.2. Calcium Deficit and Ammonium Excess Triggers Changes in Nitrate Transporters Expression
and Nitrogen Assimilation
Alterations in N availability can affect its transport and metabolism in plants. Thus,
we evaluate the expression levels of the dual-affinity transporter NRT1.1, the high-affinity
nitrate transporters NRT2.1 and NRT2.2, and the gene Nitrate Reductase (NR) that codes for
one of the most important enzymes involved in nitrogen assimilation in plants (Figure 2).
The genes LeNRT1.1 and LeNRT2.1 showed no expression responses to Ca restrictions and
N excess (Figure 2A,B). On the other hand, the relative expression of LeNRT2.2 was down-
regulated in both nitrogen excess conditions, showing a significantly down-regulated
LeNRT2.2 expression in response to NH4+ excess (Figure 2C). Interestingly, Ca deficiency
also reduced LeNRT2.2 expression, which could be altering the N uptake. LeNR was also
analyzed in terms of its relative expression. As expected, ammonium excess resulted in a
severe down-regulation of this gene expression.
3.3. Calcium Deficit and Ammonium Excess Results in Nutrient Imbalance and an Altered
N/Ca Ratio
The impact of Ca deficit in nitrate transporters expression could be indicating a
correlation between Ca deficit and nitrogen uptake. Moreover, it was also expected that
ammonium excess could be altering Ca uptake. Therefore, a nutritional analysis was
carried out under the same experimental setup. As shown in Figure 3, Ca deficit shows
a significant reduction in N content, while N excess results in a significant increase in N
content. Ca deficit resulted in lower Ca accumulation in the plant. Each N form applied
resulted in opposite effects in plant Ca uptake; while ammonium excess strongly inhibits
Ca uptake, nitrate excess seems to stimulate Ca uptake and accumulation in the shoot
(Figure 3B). However, taking into consideration that the nitrate excess media has a higher
Ca concentration, this could also be independent of nitrate.
Due to the similarities observed in Ca deficit and ammonium excess, we calculated the
ratio between N and Ca content. Interestingly, both treatments showed an altered N/Ca
ratio compared to the control or nitrate excess treatments (Figure 3C).
3.4. Physiological Changes in Response to Calcium Deficit and Ammonium Excess in Potted Plants
Correlate with Treatments In Vitro
Taking into consideration the impact of Ca deficit, ammonium excess, and N/Ca ratio
on plant Ca uptake, we set up an experiment with potted plants in a growth chamber in or-
der to further analyze these observations in plants during the latter stages of development.
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Figure 2. Nitrate transporters and nitrate assimilation gene expression levels were affected by calcium deficit or ammonium
and nitrate excesses in in vitro experi ent. Tomato seedlings were grown with control media, with a calcium deficit, or
with ammonium or nitrate excesses for 10 days in a growth chamber as described in the Materials and Methods section.
Tomato seedlings ere dissected and root tissue was collected 10 days after sowing. Transcript levels were analyzed by
qRT-PCR using GAPDH as the housekeeping gene: (A) Col-0 WT: fold-change was set for T0; (B–D) transcript levels from
nitrate transporters LeNRT1.1 (A), LeNRT2.1 (B), LeNRT2.2 (C), and nitrate reductase LeNR (D). Fold-change was set for the
control condition. Two-way ANOVA test was performed. Lowercase letters represent statistical differences with a p < 0.05.
Error bars represent the SEM. Each experiment was performed at least i triplicate with t least 5–10 s edlings in each
replicate. a, b, c represents statistically significa t differen es with p < 0.05.
While no changes in plant weight were observed after 11 weeks (Figure 4A), ammo-
nium excess resulted in a significantly smaller root (Figure 4B), which correlated with the
results obtained for lateral root length for the same treatment in vitro (Figure 1). Interest-
ingly, the correlation between Ca deficit and ammonium excess observed in the in vitro
experiments was also observed in the potted plants. Thus, Ca treatments resulted in a
negative impact on N content and also Ca content (Fig re 4C,E). Moreover, ammonium
excess also resulted in a reduced Ca content compared to the control treatment (Figure 4E).
As observed for the in vitro experiments, the ammonium excess in potted plants
also resulted in an altered N/Ca ratio both in shoots and roots (Figure 5). However, the
Ca deficit treatment did not result in a significant change in this ratio: a trend was only
observed in shoots (Figure 5A). Interestingly, the total N and Ca content in fruits did not
show the same results: only the Ca deficit treatment showed a reduced accumulation of
both Ca and N (Figure S2).
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Figure 3. Nitrogen, calcium, and N/Ca ratio were altered by calcium deficit or ammonium and
nitrate excesses in in vitro experiment. Tomato seedlings were gro n with control media, with a
calcium deficit, or with ammonium or ni rate xc ses for 10 days in a growt chamber as described
in the Materi ls and Methods section. Tomato seedlings wer collected and dried at 45 ◦C in a
dehydrator. Total nitrogen (A) and total calcium (B) were quantified as a percentage of plant dry
weight. (C) Nitrogen/calcium ratio was calculated from the nitrogen and calcium percentage for
each plant. a, b, c, d represents statistically significant differences with p < 0.05.
3.5. Ammonium Excess Correlates with N/Ca Ratio and N Content
To further evaluate the nutritional impact of both in vitro and in-pot treatments, fur-
ther nutritio al analysis was perfor ed, such s P, K, Mn, Mg, Zn, and Cu concentrations
(Tab es S4 nd S5). Th se data were integrated with th plant dry weight and the N/Ca
ratios using principal component analysis (Figure 6). To compare the data b tween experi-
e ts, the nutrient concentrations and phenotyping results were analyzed and normalized.
Thus, t e nutritio al co tent and dry weight under each treatm nt were re-calcul ted as
a percentage relative to each control condition (of the corresponding experim nt, in vitro
or in p ts), and the nutritional co tent was expressed as a percentage of plant dry weight,
as indicated in Table S6. As observed in Figure 6, the control conditions for in vitro and
in-pot treatments correlate with each other and also with nitrate excess; this was expected
as nitrate should not have a negative impact on plant nutrition when compared to Ca
deficit or ammonium treatment [33]. In the case of ammonium treatment, it correlated with
N content and was negatively correlated with potassium content, which is an indication
of the competition with the excess of NH4+ [34]. While ammonium treatment in pots
correlates with ammonium/calcium treatment, ammonium treatment in vitro only shows
a correlation in Figure 2 with the experiments in pots. This could be, at least in part, due to
the differences in the developmental stages and the experimental setting. Moreover, there
is a direct correlation of the ammonium treatment and the N/Ca ratio, which could be a
strong indicator of a nutritional problem.
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Figure 4. Tomato plants were affected by reduced calcium and/or ammonium excess in in-pot experiments. Tomato plants
were watered with a fertilization solution containing all essential nutrients (control) or a fertilization solution with calcium
deficit (-Ca), with ammonium excess (+NH4), or both combined (−Ca/+NH4). At 132 days from seed, the plants were
dissected, and the total plant weight (A) and root length (B) were analyzed. Total nitrogen (C,D) and total calcium (E,F)
were determined as a percentage of plant dry weight, for shoot (C,E) and root (D,F) tissue. a, b represents statistically
significant differences with p < 0.05.
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4. Discussion
Plants are constantly adapting to ever-changing environmental conditions that could
be not favorable and have a negative impact on plant development and yield. For instance,
when plants are subjected to nutritional imbalances [35]. Thus, the imbalance of any
nutrient could also affect other nutrients, exacerbating the impact in the plant. Nitrogen is
a crucial nutrient, but in excess can have a negative impact in the plant [9,10]. However,
this depends on the N form. While nitrate is the preferred N form, ammonium is not well
tolerated as the main or exclusive N source [9,10]. As expected, a 30% excess of NH4+
had a negative impact in plant development, where an excess of ammonium caused a
decrease in roots and stem growth, in contrast to nitrate, which, despite the negative effects
of lateral root development, allowed a greater growth of aerial tissue (Figure 1). This is in
accordance with previously described studies in tomato and Arabidopsis [9,10,36]. Glass
et al. (2002) showed that in studies of N absorption in tomato, in non-toxic quantities, 50%
of the absorbed N was in the form of NH4+, even when this nitrogenous form was only
10% of the N available, with the remaining 90% being NO3-. This is due to the fact that
when NH4+ is delivered in high quantities, its absorption exceeds the assimilating capacity
of the plant and changes the ionic balance, causing changes in the development of tissues,
later ending in toxicity [11,37]. On the contrary, the NO3− can be stored in the vacuoles
of the cells and then be put back into circulation when necessary [38], which explains its
lower deterioration capacity and that, in the short term, it complies with its function as a
promoter of vegetative growth.
This detrimental impact of ammonium excess could be a consequence of reduced
vascular area as these treatments had a higher production rate of cells of smaller size,
which is the process that mainly determines vessel area, followed by cell expansion [39]. In
situations of nutritional stress related to N, both processes are altered, showing in this case
a greater tendency to produce smaller cells than to promote elongation. Indeed, studies
have suggested that higher levels of N can inhibit xylem vessel development by changing
hormone ratios in the plant and/or by increasing tissue growth rates that could limit xylem
expansion in the plant [40,41].
It has been described that Ca stimulates ammonium absorption [23]. Interestingly,
we observed this same dependence between calcium and ammonium. Both in vitro and
in potted plants, calcium deficit resulted in a mild reduction of nitrogen content. In
addition, ammonium excess resulted in a decrease in calcium content. This reduction of N
content under calcium deficit could be indicating that calcium deficit has a negative impact
on nitrogen uptake. This possibility is further supported by the reduced expression of
LeNRT2.2 (Figure 2). This reduced expression in LeNRT2.2 was also observed when nitrogen
excess was applied, independent of the N source. This was expected as this gene belongs
to the NRT2 family of high-affinity nitrate transporters, which are up-regulated under
low nitrogen conditions [42]. This same trend was observed for LeNRT2.1; however, the
changes observed were not significant. As previously described, the use of NH4+ as a main
or exclusive N source is detrimental for plant development when used in excess [9,10]. This
is not the case for nitrate as a N source, which was evident from the phenotypic analyses.
A critical difference between these N sources is in their assimilation, where one of the first
steps of nitrate assimilation is mediated by NITRATE REDUCTASE (NR). As expected,
ammonium excess results in a strong down-regulation of LeNR (Figure 7).
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Figure 7. Proposed roles of Ca restrictions (−), as well as ammonium (+) and nitrate (+) excesses on
tomato plant physiology and morphology.
In adult potted plants, the main significant difference was observed in root length,
where ammonium excess resulted in reduced root length, while no differences were ob-
served under calci m deficit. This is in accordance with the experi ents in vitro. It has
been previously described that plants with insufficient Ca in the soil show higher levels of
p in roots, a nutrient that promotes root development, allowing a greater contact surface
with the soil [33,43] and thus extracting as much Ca as possible.
The balance between nutrients is key for proper plant development. It has been
proposed that interactions between nutrients occur when the supply of one nutrient affects
the uptake, distribution, or function of another nutrient and could modify plant growth
or yield [44]. Thus, ammonium nutrition has been found to limit the absorption of ions
with similar properties, generally divalent cations as Ca, due to competition or antagonism
by the active sites of enzymes and membrane transport molecules [44,45]. Some of these
transporters are capable of transporting various nutrients, which indicates that their se-
lectivity is based, in part, on the physicochemical similarities between ions [46]. This is in
agreement with what was observed in tomato, where the shoots of plants with excess NH4+
had the same concentration of Ca as the plants that had low fertilization of this nutrient.
On the other hand, also reflected in the results is the bottleneck that is generated at the
moment of the absorption [3,47], where the roots of plants with an excess of N present
the highest concentration of Ca, which remains in this organ and is not transported to the
shoots. The ionic balance can play an essential role in plant nutrition, where increasing
anion uptake can stimulate cation uptake and vice versa. This ionic balance effect on plant
nutrient uptake was observed in tomato plants exposed to NO3− excess, which enhanced
Ca uptake and accumulation in the shoot (Figure 7).
This nutrient crosstalk was clearly evident when the N/Ca ratio was analyzed, where
the ratio was significantly higher under ammonium excess and calcium deficit. This
nutrient ratio has also been studied in fruits, where a correlation was observed with bitter
pit apple disorder [48,49].
Supplementary Materials: The following are available online at https://www.mdpi.com/article/
10.3390/agronomy11071437/s1, Figure S1: Root length and lateral root number are not altered in
tomato seedlings under calcium deficit or ammonium and nitrate excesses. Tomato seedlings were
grown with control media, with calcium deficit, or with ammonium or nitrate excesses for 10 days in
a growth chamber as described in the Materials and Methods section. Tomato images were taken
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10 days after sowing the seedlings: (A) main root length; (B) number of lateral roots; (C) lateral root
density. Figure S2: Nitrogen and calcium are altered by calcium deficit and not by ammonium and
nitrate excesses in fruits. Tomato seedlings were grown with control media, with calcium deficit, or
with ammonium or nitrate excesses for 10 days in a growth chamber as described in the Materials
and Methods section. Tomato fruits were collected and dried at 45 ◦C in a dehydrator. Total nitrogen
(A) and total calcium (B) were quantified as a percentage of plant dry weight. Table S1: Nutritional
content of in vitro media. Table S2: Nutritional content of in-pot media. Table S3: List of primers used.
Table S4: Nutritional data from in vitro experiment used for PCA analysis. Table S5: Nutritional data
from potted plants used for PCA analysis. Table S6: Normalized nutritional and phenotypic data
used for PCA analysis.
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